Hydrolysis of whey protein concentrates (WPCs) was performed using trypsin under different combinations of temperatures and pH values in a total of three experiments, namely experiment A at 37°C and pH 8, experiment B at 37°C and pH 9, and experiment C at 50°C and pH 8. Monitorization of the degradation of native whey proteins and the peptide formation throughout hydrolysis was performed by reverse phase HPLC/UV. Seven main peptides were separated according to their polarity and numbered from T1 to T7. In general a difference was observed between rate of hydrolysis of a-lactalbumin and b-lactoglobulin; in the former case hydrolysis was complete by 15 min in experiments B and C and by 120 min in experiment A, whereas in the later case the rate of hydrolysis was much slower.
Introduction
Whey is a waste product from cheese industry. However, it contains proteins (a-lactalbumin and b-lactoglobulin) that have a high nutritional value (because of their relatively high content of essential amino acids) and are an important source of bioactive sequences (Clare & Swaisgood, 2000; FitzGerald & Meisel, 2000; Korhonen, 2002; Leppala, Rokka, & Korhonen, 1998; Shah, 2000) .
Growing interest has been shown in recent years in bioactive peptides derived from whey proteins. Such peptides have been found to exert various bioactivities both in vitro and in vivo, for example protective functions, regulation of digestion and nutrient uptake, and metabolic or physiological regulation of the body. Bioactive peptides are inactive within the sequence of the parent protein and can be released in three ways: by enzymatic hydrolysis with digestive enzymes; by fermentation of milk with proteolytic starters and through the action of enzymes produced by proteolytic microorganisms (Foegeding, Davis, Doucet, & McGuffey, 2002; Silvestre, 1997) .
b-Lactoglobulin, especially, is responsible for most of the bioactive properties of whey protein products (Chen, Swaisgood, & Foegeding, 1994; Madsen, Ahmt, Otte, Halkier, & Qvist, 1997; Otte, Ju, Faergemand, Lomholt, & Qvist, 1996) . Thus, hydrolysates of these proteins can be added to special food with increased value, as enzymatic hydrolysis originates peptides that increase its nutritional properties (digestibility and bioactivity). Besides these properties, whey proteins hydrolysates can also be used for a variety of functional applications, once they can act as gelling agents, emulsifiers or foaming agents (Foegeding et al., 2002; Otte et al., 1996) , depending on the nature of the peptides produced and the degree of hydrolysis.
Hydrolysates peptide composition, and consequently their properties, is dependent of protein and enzyme used, as well as, on hydrolysis conditions (temperature, pH, enzyme to substrate ratio and reaction time). Hydrolysates can be characterized according to several molecular characterization methods, which reflect their molecular properties. Until recently, fractionation was often performed rather arbitrarily. With new analytical and statistical techniques it has become possible to analyse a multitude of data simultaneously, which allows to investigate correlations between several hydrolysate characteristics.
The present study was undertaken to characterize hydrolysis of whey protein concentrates (WPCs), using trypsin. Hydrolyses were performed at two temperatures and two pH (in three different experiments). Monitoring was carried out during several hours by reverse phase HPLC/UV (RP-HPLC/UV) to follow the time course of the degradation of native whey proteins and the formation of peptides, which were separated according to their polarity. It is described that tryptic peptides from whey proteins present great interest in food industry owing to its emulsifying, interfacial and gelation properties. In this paper, we focused on the statistical treatment necessary to: assess whether the different experiments conducted to statistically different results for those variables evaluated; find out the kinetics of degradation of b-lactoglobulin (a correlation equation for the degradation of b-Lg vs. time of hydrolysis); try to correlate peptides with their parental protein; study similarities and differences between samples analysed for the three experiments.
Experimental

Substrate and enzymes
A commercial spray dried whey protein concentrate with 80% wt of protein was used as substrate.
Trypsin from porcine pancreas with an activity of 1020 BAEE U/mg protein, was obtained from Sigma Chemical Co.
Hydrolysis
Enzymatic hydrolysis were performed in a 0.5 L stirred, tank-type, batch reactor equipped with pH and temperature control.
Three different experiments (designated A, B and C) were performed, to evaluate the influence of pH and temperature on tripsin whey protein hydrolysates. Experiment A was conducted at 37°C and pH 8, whereas experiment B was made at the same temperature and pH 9. Finally, experience C was carried out at 50°C and pH 8. The ratio enzyme/substrate was maintained constant. For each experiment, samples were collected, before (time zero) and during the hydrolysis of bovine milk whey protein concentrate, at variable intervals of time, during more than 5 h. The reaction was stopped by immersion of the samples in a water bath at 90°C and afterwards, stored at À20°C. Prior to analysis by RP-HPLC, samples were left at room temperature and diluted with ultra purified water.
Chromatographic analysis
RP-HPLC/UV was used for the separation of b-lactoglobulin (b-Lg), a-lactalbumin (a-La) and the resulting peptides from hydrolysis. An analytical HPLC unit (Jasco) with a Chrompack P-300-RP column was used. Gradient elution was carried out with a mixture of two solvents (solvent A: 0.1% trifluoroacetic acid (TFA) in water and solvent B: 0.1% TFA in 80% aqueous acetonitrile, [v/v] The flow-rate was 0.5 ml/min. The column was used at ambient temperature and detection at 215 nm. Total run time was 50 min.
Purified bovine standards of b-lactoglobulin (b-Lg) and a-lactalbumin (a-La) were supplied by Sigma Chemical Co and dissolved in ultra purified water. Under the conditions used, the major whey proteins, a-La and b-Lg fractions were well separated and exhibited retention times of 34.5 and 37.5 min, respectively. The chromatographic system was calibrated by the external standard method with solutions that contained bovine a-La in the range of 0.039-1.0 mg/mL and bovine b-Lg in the range of 0.0039-1.0 mg/mL.
Statistical analyses
Statistical analyses were all performed with SPSS for Windows version 11.5 (SPSS Inc., Chicago, IL). Analysis of variance (One-Way ANOVA) was carried out to assess whether the different experiments conducted to statistically different results for those variables evaluated, pairwise comparisons of mean values using Tukey tests were also done. Simple Linear Regression was used to find correlation between peptides and their parental protein. Principal Component Analysis was performed to show where, in time, differences and similarities between experiments could be found during hydrolysis.
Results and discussion
Chromatographic profile of hydrolysates
Both the disappearance of a-La, b-Lg and the appearance of peptides were followed as a function of time. Hydrolysis with trypsin leaded to the formation of seven major peptides with different polarities. Similar qualitative profiles were obtained for the three experiments. Typical chromatograms for experiment B are presented in Fig. 1 .
The average retention times for the 7 major peaks, designated T1 to T7 in order of increasing times, were 18. 8, 22.4, 23.6, 25.9, 26.5, 29.4, and 31.7, respectively. Most of the relative areas of these degradation products increased on further hydrolysis up to 5 h approximately. It was possible to express results in terms of: (i) percentage of degradation of a-La and b-Lg during hydrolysis time (Fig. 2) ; (ii) peptide formation during hydrolysis, through normalized chromatographic areas, given in percent of peak area of initial b-Lg (Fig. 3) . It is interesting to point out that after 15 min of reaction for experiments B and C and 120 min of reaction for experiment A, trypsin hydrolysates presented a complete degradation of a-La. In contrast, this did not occur for b-Lg, which degraded slowly and enabled to follow its disappearance and peptide release. Fig. 4 . Results obtained for ANOVA and post hoc tests (Tukey HSD) are shown in Table 1 . It was concluded, with 95% confidence, that there were no significant differences between experiments A and B, (for b-Lg and peptides T1 to T7). Between experiments A and C differences were detected for peptides T1, T4 and T6. Thus, an increase of pH did not influence significantly the peptide formation; however, the increase of temperature increased significantly the amount of some peptides. This effect can be used to promote more extensive hydrolyse.
Establishment of a correlation curve for the degradation of b-Lg with hydrolysis time
A correlation curve was established for the degradation of b-Lg with hydrolysis time (Fig. 5) . As the variation observed was hyperbolic, the following equation was used for the model:
where a and b are constants; bLg is b-Lg degradation; t is time.
In order to obtain these constants, the inverse of b-Lg values were plotted against the inverse of time values so that a linear representation could be obtained and constants calculated: 
Linear regression analysis to find correlation between peptides and their parental protein
Trying to find out parental protein for peptides T1 to T7, simple linear regression, with 95% confidence, was used to obtain the degree of correlation between b-Lg degradation and the peptides released. The independent variable considered was b-Lg degradation and the dependent variables were each of the seven peptides evaluated.
Linear regressions were statistically validated and results are shown in Table 2 . Peptides T2, T3, T4 and T5 are well correlated with b-Lg degradation, for experiments A, B and C, with correlation coefficients >0.85, but the same was not observed for peptides T1, T6 and T7. In order to verify the significance of these results, analysis of outliers, resulting from this linear combination of variables was also carried out. Outliers were identified by verifying if one of the following three conditions occurred: absolute values for standardized residuals >3; absolute values for studentized residuals >2; absolute values for studentized deleted residuals >2. Effectively, in some cases outliers were detected and removed. Peptides T2, T3, T4 and T5 maintained or increased their correlation coefficients, confirming their dependence on b-Lg degradation. On the other hand, the peptides T1, T6 and T7 that were badly correlated with b-Lg degradation, did not improve its correlation, indicating that these peptides were from a-La, or any other minor protein from whey. In order to confirm this supposition and, because a-La was completely degraded soon after the beginning of experiments, data obtained at 15 min was removed for all experiments. In addition, data for experiment A at 30 min was also removed. Consequently, correlations between T1, T7, T6, and b-Lg degradation, became completely insignificant, confirming our supposition that these peptides have a parent protein that must be a-La, or any other minor protein from whey.
PCA analysis to find similarities and differences between each analysis time for the three experiments
The extraction method principal components analysis (PCA) was used in order to study similarities and differences between each analysis time for the three experiments. Variables used were b-Lg degradation and peptides related (T2, T3, T4, T5). Presuppositions for the application of PCA were evaluated: Normality of data distributions was studied for each variable (Shapiro-Wilk Test, p < 0.05). Not all variables had a normal distribution, but they were symmetric. (|skweness/standard error skweness | < 1.96) and mesokurtic (|kurtosis/std. error kurtosis | < 1.96). Box plots for each variable (standardized) are shown in Fig. 6 . Kaiser-Meyer-Olkin (KMO), measure of correlations quality between variables, was good (KMO = 0.830), confirmed by BarttlettÕs Test of Sphericity (p < 0.05). Correlation matrix showed a good correlation between initial variables >0.8 (Table 3) . Anti-image correlation matrix, which in the diagonal gives a measure of sample adequacy for each variable, also showed high values (>0.8 in diagonal matrixÕs).
Communalities which indicate the quantity of variables variance shared at least with one of the variables of the set, were also high (Communalities >0.97).
A new variable (factor one) was obtained with PCA, that explains most of the variance of initial variables (94%). All five variables are associated with factor one. This factor together with factor two explains 98% of data.
A graphic representation relating these factors is shown in Fig. 7 . From this representation three sets of analysis time points can be distinguished relating the different conditions to which the three experiments were submitted: a Pep is peptide formed (%); bLg is b-Lg degradation (%); a is the intercept and b is the slope; r 2 is the determination coefficient. b p value for evaluation of the significance of intercept a (H 0 : a = 0, the straight line has a zero intercept; H a : a 6 ¼ 0). c p value for global validation of the model: H 0 : r 2 = 0 (correlation coefficient is zero) or b = 0 (slope is zero); H a : r 2 6 ¼ 0 or b 6 ¼ 0.
Set one clusters points from experiments A and B until 30 min hydrolysis time and only one point from experiment C at 15 min. Set two contains points from experiment A and B at 60 min and from A at 120 min. Set three contains intermediate points from both experiments B and C.
Conclusions
One-Way ANOVA showed significant differences between experiments A and C. However, between A and B and between B and C differences were not significant. PCA analysis permitted to confirm this conclusion, by graphically evidencing where differences and similarities between experiments could be found during hydrolysis. Only at the beginning of hydrolysis (15 min), results from experiment C can be said similar to those of A and B. After this time, experiment C could not be found together with experiment A. However with experiment B some approximation could be observed at intermediate times.
Summarising, it can be concluded that the hydrolysis process of whey with trypsin did not conducted to different results by just increasing pH, from 8 to 9, and maintaining a constant temperature of 37°C. However an elevation in temperature from 37 to 50°C, by maintaining pH 8, can be advantageous when quicker hydrolyses is pretended.
Peptides T2, T3, T4 and T5 result from b-Lg degradation. Further separation of these peptides and identification of amino acid composition will be performed, because it can bring important information for food and pharmaceutical industry. To be used as ingredients in dietetic and in functional foods or in pharmaceutical products, these peptides should be hypoallergenic, present high nutritional value and appropriate organoleptic characteristics.
Moreover, with these statistical techniques a multitude of data was analysed simultaneously, which allowed for investigating correlations between several hydrolysate characteristics that are responsible for its functional and structural properties, influencing, for example, their rheology. The results of our study enabled further comparison of gelation, emulsifying and foaming properties of hydrolysates that clustered together, and also comparison between groups of hydrolysates that presented different characteristics, for a rational fractioning of whey proteins enabling an appropriate, fast and economic selection of ingredients on food and pharmaceutical industry.
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